Abstract A multi-purpose fixed-target experiment using the proton and lead-ion beams of the LHC was recently proposed by Brodsky, Fleuret, Hadjidakis and Lansberg, and here we concentrate our study on some issues related to the spin physics part of this project (referred to as AFTER). We study the nucleon spin structure through pp and pd processes with a fixed-target experiment using the LHC proton beams, for the kinematical region with 7 TeV proton beams at the energy in center-of-mass frame of two nucleons √ s = 115 GeV. We calculate and estimate the cos 2φ azimuthal asymmetries of unpolarized pp and pd dilepton production processes in the Drell-Yan continuum region and at the Z-pole. We also calculate the sin(2φ − φ S ), sin(2φ + φ S ) and sin 2φ azimuthal asymmetries of pp and pd dilepton production processes with the target proton and deuteron longitudinally or transversally polarized in the Drell-Yan continuum region and around Z resonances region. We conclude that it is feasible to measure these azimuthal asymmetries, consequently the three-dimensional or transverse momentum dependent parton distribution functions (3dPDFs or TMDs), at this new AFTER facility.
Introduction
Recently a multi-purpose fixed-target experiment using the proton and lead-ion beams of the Large Hadron Collider (LHC) extracted by a bent crystal, referred to as AFTER in the following, was proposed by Brodsky, Fleuret, Hadjidakis and Lansberg [1] . Such an extraction mode will not alter the performance of the collider experiments at the LHC. The center-of-mass energy is √ s NN = 115 GeV with the LHC-7 TeV proton beam and √ s NN = 72 GeV with the a lead running with 2.76 TeV-per-nucleon beam, and it can be even a e-mail: mabq@pku.edu.cn higher by using the Fermi motion of the nucleons in a nuclear target. This project will provide a unique opportunity to study the nucleon partonic structure, spin physics, nuclear matter properties, deconfinement in heavy ion collisions, W and Z productions, exclusive, semi-exclusive and backward reactions, and even further potentialities of a high-energy fixed target set-up. We concentrate our study on some issues related to the spin physics for the AFTER proposal.
The study of the three-dimensional or the intrinsic transverse momentum dependent distribution functions (3dPDFs or TMDs) has received much attention in recent years [2] . Such new quantities of the nucleon provide us a significant perspective on understanding the three-dimensional structure of hadrons and the non-perturbative properties of quantum chromodynamics (QCD). The intrinsic transversal momentum of partons may cause special effects in high energy scattering experiments [3] . Azimuthal asymmetries of unpolarized and single polarized Drell-Yan processes are among the most challenging issues of QCD spin physics [4] [5] [6] .
The first measurement of the angular distribution of DrellYan process, performed by NA10 Collaboration for πN, indicates a sizable cos 2φ azimuthal asymmetry [7, 8] which cannot be described by leading and next-to-leading order perturbative QCD [9] . Furthermore, the violation of the LamTung relation [10] which is obtained from the spin-1/2 nature of quarks and the spin-1 nature of gluons, just like the Callan-Gross relation in the deep-inelastic scattering [11] , was measured by Fermilab E615 Collaboration [12] . This violation was also tested by E866/NuSea Collaboration through the pd and pp Drell-Yan dimuon processes in recent year [13, 14] .
Large single spin asymmetries (SSAs) were observed experimentally in the process pp ↑ → πX two decades ago [15] [16] [17] [18] [19] [20] . SSAs in semi-inclusive deeply inelastic scattering (SIDIS) [21] [22] [23] [24] [25] [26] [27] with one colliding nucleon transversely polarized have also been measured by several experiments. Standard per-turbtive QCD based on collinear factorization to leading twist failed to explain these asymmetries [28] .
The Drell-Yan process is an ideal ground for testing the perturbative QCD and for probing the 3dPDFs or TMDs, as it contains only the distribution functions with no fragmentation functions, and its differential cross section is well described by next-to-leading order QCD calculations [29] . In this paper, we calculate azimuthal asymmetries of pp and pd dilepton production processes in Drell-Yan continuum region and around the Z-pole through a fixed-target experiment using the LHC proton beams with the proton or deuteron target unpolarized and transversally or longitudinally polarized. The paper is organized as follows. In Sect. 2 and 3, we respectively calculate the azimuthal asymmetries in unpolarized and single polarized pp and pd processes. In Sect. 4, we present the numerical results of these asymmetries. Then, a brief discussion and conclusion is contained in Sect. 5.
The cos 2φ azimuthal asymmetries of unpolarized pp and pd processes
The Drell-Yan process is an ideal ground to investigate the hadron structure, because it only probes the parton distributions without fragmentation functions. It was naively speculated that the polarization of at least one incoming hadron is necessary to investigate the spin-related structure and properties of hadrons. However, it is not the case if we take the intrinsic transversal momentum of quarks inside the hadron into account. As mentioned before, the standard perturbative QCD to leading and next-to-leading order failed to describe the sizable cos 2φ azimuthal asymmetry and the LamTung relation violation of the unpolarized Drell-Yan experiments [7, 8, [12] [13] [14] . Several attempts were made to interpret this asymmetry, such as the factorization breaking QCD vacuum effect [9] (which corresponds possibly the helicity flip in the instanton model [30] ), higher twist effect [31] [32] [33] and the coherent states [34] . Boer pointed out that the cos 2φ azimuthal asymmetry could be due to a non-vanished 3dPDF or TMD h ⊥ 1 (x, p p p 2 T ) [35] , named as the Boer-Mulders function later, as one of the eight leading-twist 3dPDFs or TMD distribution functions contained in [36, 37] 
where Φ is the quark-quark correlation matrix, defined as
The sizable cos 2φ azimuthal asymmetry can arise from a product of two Boer-Mulders functions of two incoming hadrons by establishing a preferred transverse momentum direction from the spin-transverse momentum correlation. This effect is called the Boer-Mulders effect [35] . Many theoretical and phenomenological studies are carried out along this direction [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] .
The Boer-Mulders function h ⊥ 1 , as well as the Sivers function f ⊥ 1T , is a naively time-reversal odd (T -odd) distribution function, characterizing the correlation between quark transversal momentum and quark transversal spin. Therefore, it was thought to be forbidden for a long time because of the time-reversal invariance property of QCD [57] . However the model calculations taken by Brodsky, Hwang and Schmidt indicated that these non-vanished naively Todd distribution functions, h ⊥ 1 and f ⊥ 1T can arise from the final or initial state interaction between the struck quark and the target remnant in the SIDIS and Drell-Yan processes at leading-twist level [58, 59] . In general, the path-order Wilson line, which arises from the requirement of a full QCD gauge invarient definition of 3dPDFs or TMD distribution functions, provides non-trivial phases and leads to nonvanished T -odd distribution functions [60] [61] [62] [63] [64] [65] . Due to the present of the Wilson line, opposite sign of Boer-Mulders function or Sivers function in SIDIS and Drell-Yan processes is expected [65] [66] [67] 
This relation still awaits for experimental confirmation. For hadron productions in hadron-hadron collisions, the situation is more involved, since colored objects exist in both the initial and the final states. The multiple final or initial state interactions will generate process-dependent 3dPDFs or TMDs which may be different from those in SIDIS or Drell-Yan process [68] [69] [70] [71] . This is also viewed as the breakdown of the generalized 3dPDF or TMD factorization in the inclusive hadro-production of hadrons [72] . The angular differential cross section for unpolarized DrellYan process has the general form:
where Ω is the solid angle and λ , µ, and ν are angular distribution coefficients. For azimuthal symmetrical scattering, the coefficients µ = ν = 0. The polar and azimuthal angular θ and φ are defined in the Collins-Soper (CS) frame [73] , as shown in Fig. 1 . It is the center of mass of the lepton pair with the z axis defined as the bisector of two incoming hadrons. The polar angular θ is defined as the angular of the positive lepton with respect to the z axis direction, and the azimuthal angular φ is defined as the angular of the lepton plane with respect to the proton plane. In this frame the Lam-Tung relation is insensitive to the higher fixed-order perturbative QCD [74] or the QCD resummation [75] [76] [77] .
Taking into account the Boer-Mulders distribution, we can express the unpolarized Drell-Yan cross section as
whereĥ h h ≡T /|T | is the direction of the transversal momentum transfer, p p p T and k k k T are the transversal momentum of quarks in the nucleons, m N is the mass of a nucleon, α em is the electromagnetic fine structure constant and e a is the charge of the quark with the subscript a showing the flavor. The structure function notation in the equation is defined as
Then the cos2φ azimuthal asymmetry can be expressed as
If we take both γ * and Z boson into account, the cross section is expressed as [35] 
The coefficients K 1 , K 2 , K 3 , K 4 are expressed as
where the combinations of the coupling constants are
and the Z boson propagator factors are expressed as
where θ W is the Weinberg angle. Then the cos 2φ azimuthal asymmetry is
Another azimuthal dependent term is the sin 2φ term in Eq. (9) . However the sin 2φ term is 1/Q 2 suppressed. This suppression can be found from (13) and (17) . For pd dilepton production processes, we assume the isospin relation. The distribution functions of u orū quark in proton is the same as those of d ord quark in neutron, and the distribution functions of d ord quark in proton is the same as those of u orū quark in neutron. We can also neglect the nuclear effect of deuteron, since it is a weakly bound state of a proton and a neutron. Therefore, for pd processes, we need to replace the 3dPDFs or TMDs of the target proton in Eq. (8)(18) as
with f representing f 1 or h ⊥ 1 and similar for d,ū andd quarks. Then we can get the cos 2φ azimuthal asymmetry coefficient ν for pd dilepton production in Drell-Yan continuum region and around the Z pole.
3 The sin(2φ − φ S ), sin(2φ + φ S ) and sin 2φ azimuthal asymmetries of single polarized pp and pd processes Large SSAs observed experimentally [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] cannot be interpreted by the standard perturbative QCD based on collinear factorization to leading twist. As a challenging issue in hadron structure and QCD spin physics, many theoretical studies were proposed to explain origin of such asymmetries [78] [79] [80] [81] [82] [83] . In the 3dPDF or TMD framework, the non-vanished naively T -odd Sivers function f ⊥ 1T in Eq. (1), which characterizes the correlation between quark transversal momentum and hadron transversal spin, was applied to explain the SSAs observed in the process pp ↑ → πX [79] [80] [81] [82] . SSAs contributed by this Sivers effect in SIDIS processes with one nucleon transversally polarized have been measured by several experiments in recent years [21-23, 26, 27, 84-86] . The data on the Sivers SSAs have been utilized by different groups to extract the Sivers function of the proton on the basis of the 3dPDF or TMD factorization [67, [87] [88] [89] [90] [91] [92] [93] .
For a fixed-target experiment, it is convenient to polarized the target to allow the SSAs measurements. Five leading twist 3dPDFs or TMDs in Eq. 
The distribution functions h 1 and h ⊥ 1 respectively characterize the densities of transversely polarized quarks inside a transversely polarized proton and an unpolarized proton. The distribution functions h ⊥ 1T and h ⊥ 1L , arising from the double spin correlations in the parton distribution functions, respectively describe the densities of transversely polarized quarks in a transversely orthogonally polarized proton and longitudinally polarized proton.
The chiral-odd 3dPDFs or TMDs are rather difficult to be probed in high energy scattering experiments, because they only manifest their effects by combining with another chiral-odd function, Collins fragmentation function in SIDIS or another chiral-odd distribution function in Drell-Yan. Some efforts have been made to extract the transversity from SIDIS data [94, 95] and to extract the Boer-Mulders function from SIDIS and Drell-Yan data [47, 49, 50, 96] . There are some extensive model calculations of h ⊥ 1T and h ⊥ 1L [83, [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] . If the transverse momentum of the dilepton in the DrellYan processT is measured, we can apply the 3dPDF or TMD factorization [62, 67, 92, 93] , which is valid in2 T ≪ Fig. 2 The definition of azimuthal angles. Q 2 region. Then the leading order of the differential cross section can be expressed as [35, 108] 
where the structure function notation is defined as Eq. (7), and the azimuthal angles φ and φ S are defined as shown in Fig. 2 . Therefore, one can define the following azimuthal asymmetries:
where the coefficients K 1 (θ ), K 3 (θ ) and K 4 (θ ) are defined in (10)- (13) . Then the azimuthal asymmetries defined in (22)- (24) are expressed with Z taken into account as
The cos 2φ , cos(2φ − φ S ) and cos(2φ + φ S ) azimuthal dependent terms are 1/Q 2 suppressed. This suppression can be found from (13) and (17) . For pd dilepton production processes with the deuteron longitudinally or transversely polarized, we assume the isospin symmetry and neglect the nuclear effect as we do for unpolarized pd processes. Therefore, we can get the sin(2φ − φ S ), sin(2φ + φ S ) and sin 2φ azimuthal asymmetries of pd dilepton production processes in Drell-Yan continuum region and around the Z pole by replacing the distribution functions of the target via (19).
Numerical results
In this section, we calculate the azimuthal asymmetries of the pp and pd dilepton production processes with the proton or deuteron target unpolarized and longitudinally or transversally polarized in Drell-Yan continuum region and Z resonance region respectively. We present a numerical estimation of these azimuthal asymmetries for measurement at a fixed-target experiment using the LHC beams proposed by Brodsky, Fleuret, Hadjidakis and Lansberg [1] . With the 7 TeV proton beams, the center-of-mass frame energy √ s = 115 GeV for two nucleons.
The cross section of Drell-Yan process can also be expressed depending on y and Q 2 instead of x 1 and x 2 with just a Jacobian multiplied as
At the region2 T ≪ Q 2 , we have the following relation:
The x 1 and x 2 can also be expressed with x F and Q 2
and
x 1 is the momentum fraction of the parton in the beam proton, and x 2 is that of the parton in the target nucleon. For the single polarized processes, x 2 is the momentum fraction of the parton in the polarized target nucleon, sometimes labeled as x ↑ in the literature. To calculate the azimuthal asymmetries depending on Q, x F or q T , we need to integrate over the other variables in the numerator and the dominator of the expression of the asymmetries respectively. The rapidity is cut in [−4.8, 1] which is the easiest region to carry on measurements as discussed in [1] , and this is where the momentum fraction of the parton inside the polarized nucleons is the largest. In our calculation, we adopt the Boer-Mulders function h ⊥ 1 extracted from the unpolarized pd and pp Drell-Yan data [13, 14, 47, 50] . The parametrization of h ⊥ 1 for both valence and sea quarks has the form:
where the subscript "bm" stands for the Boer-Mulders functions, and q = u, d,ū andd. The possible range of the parameters H q allowed by the positivity bound [109] can be described by a coefficient ω which balance the contributions of quark and antiquark. H q → ωH q for q = u, d and H q → ω −1 H q for q =ū,d will not change the calculated cos2φ asymmetry in the unpolarized pp and pd Drell-Yan data. The range of ω is 0.48 < ω < 2.1, and we choose the To calculate the SSAs of the pp and pd dilepton production processes at AFTER, we also need the distribution functions h ⊥ 1T , h ⊥ 1L and h 1 besides the Boer-Mulders function h ⊥ 1 . In our calculation, we adopt ansatz of these T -even distribution functions calculated from the light-cone quark-diquark model. In this model, the Melosh-Wigner rotation, which is important to understand the proton spin puzzle due to the relativistic effect of quark transversal motions [110] [111] [112] [113] , is taken into account. This model has been applied to calculate helicity distributions [114] , transversity distributions [115, 116] and some other 3dPDFs or TMDs [100, 104, 117] , and has been used to analysis related azimuthal spin asymmetries in SIDIS processes [118, 119] . The model results of these distribution functions are expressed as [100, 104, 115, 116] 
where Fig. 7 The cos 2φ azimuthal asymmetry depending on Q of unpolarized pd Drell-Yan process with both γ * and Z taken into account. diquark respectively, having the forms:
where The distribution functions h 1 , h ⊥ 1T , h ⊥ 1L of sea quarks are constrained by the positivity bounds [109] :
When considering the effects of these distribution functions of sea quarks contributing to the asymmetries, we can get the upper and lower limits of the azimuthal asymmetries by saturating the positivity bounds. In Figs. 11-13 , we respectively show the sin(2φ − φ S ), sin(2φ + φ S ) and sin 2φ azimuthal asymmetries depending on Q from 2 GeV to 30 GeV of the target proton polarized pp Drell-Yan process at AFTER including Z taken into account, and the corresponding results for deuteron target polarized pd process are shown in Figs. 14-16. These asymmetries in the far backward region, with rapidity cut [−4. depending on Q of target deuteron polarized pd Drell-Yan process with both γ * and Z taken into account. are shown in Figs. 17-22, with Q running from 1 GeV to 10 GeV. In Figs. 23-34 , we respectively show the sin(2φ − φ S ), sin(2φ + φ S ) and sin 2φ azimuthal asymmetries depending on x F of the target proton and deuteron polarized pp and pd Drell-Yan processes at AFTER with Q = 2 GeV and Q = 5 GeV as for low and mid Q regions. Figs. 35-37 show the sin(2φ − φ S ), sin(2φ + φ S ) and sin 2φ azimuthal asymmetries of the target proton polarized pp process around the Z-pole at AFTER. The corresponding azimuthal asymmetries of pd processes with target deuteron transversally or longitudinally polarized are shown in Figs. 38-40.
Discussion and conclusions
In this paper, we calculate the cos 2φ azimuthal asymmetries of unpolarized pp and pd dilepton production processes in the Drell-Yan continuum region and around the Z resonance region. We also calculate the sin(2φ − φ S ), sin(2φ + φ S ) and sin 2φ azimuthal asymmetries of single transversally or longitudinally polarized pp and pd dilepton production processes in these regions.
Our calculations are concentrated on some issues related to the spin physics part of the AFTER project, a multi-purpose fixed-target experiment using the proton and lead-ion beams of the LHC extracted by a bent crystal, proposed by Brodsky, Fleuret, Hadjidakis and Lansberg [1] . We present an estimation of the azimuthal asymmetries for a fixed-target experiment using the LHC 7 TeV proton beams with the proton or deuteron target unpolarized and transversally or longitudinally polarized. As the target is conveniently polarized, it is an ideal ground to study the spin physics at AFTER with √ s = 115 GeV and high luminosity. It is feasible to measure these azimuthal asymmetries at AFTER. This will help us to study the three dimensional or transverse momentum dependent parton distributions (3dPDFs or TMDs), and consequently help understand and test the QCD and hadron structure at such a high laboratory energy.
